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Peroxisomal proliferator-activated receptor (PPAR)-�
is a ligand-activated transcriptional factor that regu-
lates genes involved in lipid metabolism and energy
homeostasis. PPAR-� activators, including fibrates,
have been used to treat dyslipidemia for several de-
cades. In contrast to their known effects on lipids, the
pharmacological consequences of PPAR-� activation
on cardiac metabolism and function are not well un-
derstood. Therefore, we evaluated the role that
PPAR-� receptors play in the heart. Our studies dem-
onstrate that activation of PPAR-� receptors using a
selective PPAR-� ligand results in cardiomyocyte ne-
crosis in mice. Studies in PPAR-�-deficient mice dem-
onstrated that cardiomyocyte necrosis is a conse-
quence of the activation of PPAR-� receptors. Cardiac
fatty acyl-CoA oxidase mRNA levels increased at doses
in which cardiac damage was observed and tempo-
rally preceded cardiomyocyte degeneration, suggest-
ing that peroxisomal �-oxidation correlates with the
appearance of microscopic injury and cardiac injury
biomarkers. Increased myocardial oxidative stress was
evident in mice treated with the PPAR-� agonists coin-
ciding with increased peroxisomal biomarkers of fatty
acid oxidation. These findings suggest that activation of
PPAR-� leads to increased cardiac fatty acid oxidation
and subsequent accumulation of oxidative stress inter-
mediates resulting in cardiomyocyte necrosis. (Am J
Pathol 2006, 169:750–760; DOI: 10.2353/ajpath.2006.051110)

Peroxisomal proliferator-activated receptors (PPARs) are
ligand-activated transcription factors that belong to the
superfamily of nuclear receptors.1 Several studies have

demonstrated a cross talk between PPAR signaling and
other nuclear receptor pathways. This convergence and
interaction of different pathways can occur at multiple
levels, including competition between PPARs and other
nuclear receptors.2 This complexity could explain some
of the diverse biological effects of PPAR ligands in tis-
sues and across species.

To date, three PPAR subtypes have been identified: �,
�, and �. They perform different physiological functions
based on their divergent patterns of tissue expression,
ligand-binding specificities, and physiological functions
when activated. PPAR-� was originally cloned from a
mouse liver cDNA library3 and subsequently cloned from
frogs,4 rats,5 guinea pigs,6 and humans.7,8 PPAR-� is
considered a therapeutic target for dyslipidemia with a
promising future given the existing literature and clinical
experience with fibrates throughout several decades of
clinic use. Fibrates have been used to treat dyslipidemia
because of their triglyceride lowering and high-density
lipoprotein-elevating effects. More recent research dem-
onstrates the anti-inflammatory properties of PPAR-�
agonists at the vessel wall, which could contribute to the
reduction of atherosclerosis observed in animal models
and humans.9,10

PPAR-� is predominantly expressed in tissues exhib-
iting high rates of �-oxidation such as brown adipose
tissue, liver, heart, diaphragm, kidney, and skeletal mus-
cle.11 PPAR-� is a key transcriptional regulator of fatty
acid oxidation (FAO), acting by controlling the expression
of a comprehensive set of genes that regulate most as-
pects of fatty acid uptake and metabolism.12 Quantita-
tively, the major sites of FAO at rest and during exercise
are the cardiac and slow twitch type I skeletal muscle
fibers.13 In these tissues, the oxidation of fatty acids
meets the high ATP demands. Under resting conditions in
vivo, the mouse heart derives �70% of its energy from the
oxidation of fatty acids, and the remainder primarily from
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glycolysis and glucose oxidation.14 The relative contribu-
tion of FAO to energy production increases in fasting,
diabetes, and in experimental conditions in which the
expression of PPAR-� receptors in the heart is aug-
mented. This leads to the activation of genes involved in
the uptake and degradation of fatty acids to provide
sufficient energy to the myocardium. In contrast to the
clearly defined effects of PPAR-� agonists on lipoprotein
metabolism and cholesterol homeostasis, the net effects
of PPAR-� activation on cardiac metabolism and function
in normal and disease states and the pathological con-
sequences are not well understood. Several studies con-
ducted in conditions of pressure-induced cardiac hyper-
trophy and diabetes suggests that the rate of FAO is a
major determinant of glucose and lactate utilization.15 In
contrast to these findings, more recent data by Finck and
colleagues16 demonstrated that cardiac overexpression
of PPAR-� receptors increased FAO, decreased glucose
utilization, and induced a diabetic-like cardiomyopathy,
suggesting that substrate availability may not be a key
determinant of PPAR-� function in the heart. These stud-
ies, however, were conducted in nondiabetic mice with
cardiac-restricted overexpression of the human PPAR-�
transgene at �80-fold the levels found in control litter-
mates. In addition, PPAR-� receptors are down-regulated
in animal models of diabetes17 and in failing human
hearts in diabetic patients.18 This raises the question as
to whether cardiac metabolism and function are also
impaired when wild-type mice undergo a pharmacologi-
cal activation of PPAR-� receptors, emphasizing the
need to test pharmacological agents that will identify the
role of PPAR-� nuclear receptors in cardiac function and
homeostasis. Based on the known functions attributed to
PPAR-� receptors, we hypothesized that the ligand acti-
vation of PPAR-� receptors plays a critical role in cardiac
muscle energy homeostasis in rodents. To test this hy-
pothesis, we used a potent and selective PPAR-� agonist
to demonstrate that sustained activation of PPAR-� re-
sults in cardiomyocyte necrosis that correlated with an
increase in peroxisomal �-oxidation and oxidative stress
injury. These effects were shown to be directly PPAR-�-
driven and support the mechanistic link between the
activation of peroxisomal fatty acid �-oxidation, perturba-
tions in cardiac energy metabolism, generation of reac-
tive oxygen species, and cardiomyocyte necrosis.

Materials and Methods

Animals and Diets

PPAR-� wild-type and null mice 9 to 12 weeks of age on
an SV 129 background were used in these studies.19

PPAR-�-deficient (�/�) mice were originally obtained
from Dr. F. Gonzalez, National Cancer Institute, National
Institutes of Health (Bethesda, MD) and bred at Charles
River Laboratories (Wilmington, MA) to generate PPAR-
�-deficient and control littermates. Animals arrived at an
age of 8 to 10 weeks and were housed at 23 � 1°C on a
12-hour light/dark cycle. They were allowed ad libitum
access to food (Purine Prolab RMH 3000 rodent diet; WF

Fisher and Sons Inc., Somerville, NJ) and water and were
acclimated for at least a week before experimentation.

Treatment

At the age of 10 weeks, animals were randomly divided in
groups of five to six animals per cage and orally dosed
once a day with either vehicle (water) or a PPAR-� fibric
acid derivative (IC50 �/�/� in nmol/L: 47/�10,000/1520).
This synthetic analog is potent (47 nmol/L) and has more
than 212-fold selectivity over the PPAR-� and 32-fold
selectivity over the PPAR-� receptor subtype in the scin-
tillation proximity assay-binding assay. No significant
binding activity was detected when this compound was
tested at 1 �mol/L against 38 distinct nuclear and trans-
membrane receptors and enzymes. Body weight was
measured twice a week. The study protocol was ap-
proved by the institutional animal care and use commit-
tee. All animals received humane treatment according to
the criteria stated by the National Academy of Sciences
National Research Council publication 86-23, 1985. At
the end of the dosing period, all animals were euthanized
and necropsied.

Serum Chemistry and Metabolites Analysis

Blood samples were taken from the vena cava on the day
of euthanasia before excision of cardiac and skeletal
muscles. Samples were kept on ice, centrifuged at
14,000 rpm for 10 minutes at 4°C, and subsequently used
to measure circulating levels of triglycerides and total
creatine kinase (CK) using the Roche Hitachi 917 chem-
istry analyzer according to the manufacturer’s instruc-
tions (Roche Diagnostics, Indianapolis, IN). Skeletal (CK-
MM) and cardiac (CK-MB) isoenzymes were determined
using commercially available kits (Helena Rapid Electro-
phoresis System; Helena Laboratories, Beaumont, TX).
Troponin I levels were measured by a two-site sandwich
chemiluminescent immunoassay using the Bayer ACS:
180 according to the manufacturer’s instructions (Bayer
Health Care, Diagnostic Division, Tarrytown, NY).

Histopathology and Immunochemistry

Cardiac and gastrocnemius (including soleus and plan-
taris) muscles were collected from all animals and pro-
cessed for microscopic evaluation using a routine hema-
toxylin and eosin (H&E) stain or immunohistochemistry.
The heart and gastrocnemius/soleus were fixed in 10%
neutral buffered formalin and embedded in paraffin. Se-
rial 5-�m sections were cut, deparaffinized, rehydrated,
stained routinely with H&E, and examined by light micros-
copy. Identification of slow twitch type I and fast twitch
type 2 myofibers was performed using immunohisto-
chemistry with anti-mouse MHCs and MHCf antibodies
purchased from Novocastra (Newcastle, UK). In brief,
gastrocnemius/soleus muscles were snap-frozen in liquid
nitrogen, and 8-�m sections were fixed in ethanol and
acetone and incubated with 0.3% hydrogen peroxide at
room temperature for 5 minutes using a biotin blocking
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system (DakoCytomation, Carpinteria, CA) according to
manufacturer’s directions. All rinses were done three
times for 5 minutes in wash buffer (Biogenex, San Ramon,
CA). Nonspecific binding to mouse primary antibodies
was prevented by using an animal research kit (DakoCy-
tomation) according to the manufacturer’s directions.
Mouse MHCs and MHCf antibodies and matching irrele-
vant mouse IgG1 were biotinylated using a biotinylated
goat anti-mouse IgG Fab reagent before the application
to the skeletal muscle section. Any excess goat anti-
mouse IgG Fab was adsorbed with normal mouse serum.
Both primary antibodies were detected using DakoCyto-
mation streptavidin-horseradish peroxidase for 30 min-
utes at room temperature followed by DakoCytomation
liquid DAB� for 5 minutes at room temperature.

Determination of Peroxisomal �-Oxidation and
Fatty Acyl-CoA Oxidase (AOX) mRNA Levels

Peroxisomal �-oxidation was determined in tissue ho-
mogenates by the method of Lazarow.20 The activity of
the cyanide-insensitive fatty acyl CoA oxidizing system
was determined by measuring palmitoyl-CoA-dependent
reduction of NAD at 340 nm. AOX mRNA levels were
determined by Quantigene (Genospectra Inc., Fremont,
CA). Flash-frozen samples were homogenized in tissue
preparation buffer containing 50 mmol/L HEPES, 2% lith-
ium lauryl sulfate, 0.5% Micro-O-Protect (Roche Diagnos-
tic), 8 mmol/L ethylenediaminetetraacetic acid, 500
mmol/L lithium chloride, and 3.8 mg/ml proteinase K (EM
Science). Tissue homogenate (6 to 24 �l) was applied to
100 �l of Quantigene lysis buffer containing the probe
sets for mouse AOX, PDK4, or UCP3 in a 96-well plate
(Costar, Cambridge, MA). Subsequently, 90 �l was ap-
plied to each well of the capture plate containing 100 �l
of the tissue preparation buffer. After an overnight incu-
bation at 53°C, the plates were developed according to
the manufacturer’s protocol. In brief, plates were allowed
to sit at room temperature for 15 minutes, washed twice

with Quantigene wash buffer, and 100 �l of amplifier
reagent was added to each well. After a 1-hour incuba-
tion at 53°C, plates were allowed to sit at room temper-
ature for 15 minutes, washed twice with wash buffer, and
100 �l of label probe reagent was applied to each well.
After 1 hour of incubation at 53°C, plates were washed six
times with wash buffer, and 100 �l of substrate was
added. The plates were incubated for 30 minutes at 37°C
and immediately read on a Dynex luminometer. The cap-
ture plates and all reagents were purchased from Geno-
spectra Inc. or prepared as described in the Quantigene
manufacturer’s protocol.

PPAR-�-Induced Oxidative Stress

Biomarkers of aerobic metabolism and oxidative stress
were determined in heart samples collected from mice
orally dosed with either vehicle or PPAR-� agonist. In
brief, 100 mg of tissue were homogenized on ice for 10
seconds at 30,000 rpm (PowerGen 125; Fisher Scientific,
Loughborough, UK) in 9 vol of buffer containing 20
mmol/L Tris-HCl, pH 7.4. Ice-cold 5% metaphosphoric
acid buffer was used as buffer when the glutathione was
assayed. Heart homogenates were centrifuged at 3000 �
g for 10 minutes at 4°C and the supernatant was col-
lected and assayed within 40 minutes. Assays were per-
formed using an automated chemistry analyzer (Advia
1650 chemistry system; Bayer PLC, Newbury, UK) with its
associated analytical kits, according to the manufactur-
er’s instructions for CK, alanine aminotransferase, lactate
dehydrogenase, alkaline phosphatase, glucose, and lac-
tate. Assay kits were obtained from an alternative vendor
(Randox Laboratories Ltd., Crumlin, UK) for glutamate
dehydrogenase, glucose-6-phosphate dehydrogenase,
glutathione reductase, and hydroxy butyrate dehydroge-
nase. Glutathione was determined similarly (GSH; Bio-
Stat Ltd., Stockport, UK). Phosphofructokinase (PFK),
carnitine palmitoyl transferase-I, �-hydroxyacyl CoA de-
hydrogenase, and glycogen phosphorylase were deter-

Figure 1. Cardiomyocyte necrosis induced by PPAR-� agonists. a: Right ventricle. Multifocal moderate cardiomyocyte necrosis involving the entire wall of the right
ventricle (transmural). b: Left ventricle. Cardiomyocyte necrosis is often observed in the subepicardial areas of the left ventricle. The finding is characterized by
myofiber hypereosinophilia, loss of cross striations, cytoplasmic vacuolation, and infiltration of variable number of mononuclear cells and neutrophils. The PPAR-�
agonist was administered orally at 150 mg/kg/day for 12 consecutive days. Scale bars � 50 �m (a); 20 �m (b).
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mined using conditions and reagents as described in the
literature.21–24

Statistics

Results are expressed as means � SD. Statistical signif-
icance was determined by Student’s t-test. Results are
considered significant with P � 0.05.

Results

Activation of PPAR-� Receptors Causes
Cardiomyocyte Necrosis

To determine the effect of ligand-dependent activation of
PPAR-� receptors in cardiac muscle, a high-affinity li-
gand for the murine PPAR-� receptor (IC50 � 47 nmol/L)
and �100-fold selective over the PPAR-�/� subtypes was
orally administered to wild-type mice once a day for 12
consecutive days. At the end of the dosing period, all
animals were euthanized and necropsied. Hearts were
collected and processed for histopathological evaluation.
Minimal to moderate multifocal cardiomyocyte necrosis
was observed in both ventricles with a predisposition for
subendocardial and subepicardial areas of the left ven-
tricle (Figure 1) in mice orally administered the PPAR-�
agonist. Cardiomyocyte necrosis was characterized by
cytoplasmic hypereosinophilia and vacuolation, myofiber
fragmentation followed by mononuclear cell infiltration
and fibrosis (Figure 1).

To investigate whether the cardiac degeneration ob-
served in rodents was attributable to the activation of
PPAR-� receptors, PPAR-�-deficient mice and control
littermates were orally dosed with either vehicle or a
synthetic PPAR-� agonist for 12 consecutive days. In
control mice, activation of PPAR-� receptors increased
the expression of AOX, PDK4, and UCP-3, consistent with
the proposed role of PPAR-� in peroxisomal proliferation,
control of pyruvate dehydrogenase activity, and fatty acid
transport to mitochondria. In contrast, no gene activation
was observed in PPAR-�-deficient mice (Figure 2). In-
creased peroxisomal �-oxidation in control mice receiv-
ing the PPAR-� agonist was evidenced by changes in
peroxisomal activity measured by the generation of
NADPH (108 � 15 �mol/L/minute/mg and 16 � 4 �mol/
L/minute/mg of heart homogenates for agonist and vehi-
cle-treated mice, respectively, n � 6; P � 0.001) consis-
tent with the correlation between the generation of
NADPH, synthesis of peroxisomal membrane proteins,
and induction of AOX mRNA documented in the litera-
ture.25 In addition, a decrease in the utilization of glucose
as metabolic substrate was evident in mice orally admin-
istered with the PPAR-� agonist as demonstrated by the
significant changes in the tissue level of glucose and the
activity of key enzymes involved in the control of cellular
glucose homeostasis (Figure 3).

Cardiomyocyte necrosis occurred in seven of eight
treated wild-type mice, and the severity of the micro-
scopic findings was proportional to increases in plasma
CK and its cardiac isoenzyme CK-MB (Table 1). Because

the low circulating levels of CK-MB could indicate skele-
tal muscle release rather than cardiac injury, an addi-
tional experiment was performed to evaluate whether
changes in plasma CK-MB are accompanied by in-
creases in troponin I, a more selective and sensitive

Figure 2. UCP3, AOX, and PDK4 mRNA levels in wild-type and PPAR-�-
deficient mice orally dosed for 12 consecutive days with 150 mg/kg/day of a
synthetic PPAR-� ligand. Cardiac mRNA levels for UCP3, AOX, and PDK4
were determined by Quantigene following the manufacturer’s protocol using
specific probe sets for murine UCP3, AOX, and PDK4. Data are shown as
mean � SD (n � 4 to 6 mice/group). *P � 0.001.
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biomarker of cardiac injury. For this purpose, the syn-
thetic PPAR-� agonist was orally administered to mice for
12 days at doses ranging from 1.25 mg/kg/day to 20
mg/kg/day. At the end of the dosing period, all animals
were euthanized and serum was collected for troponin I
and CK-MB determinations. As shown in Figure 4A in-
creases in plasma CK-MB and troponin I levels were
noted in mice treated with PPAR-� agonists and corre-
lated with the dose administered. More importantly, there
was a strong correlation (r � 0.88, P � 0.0001) between
increases in plasma levels of CK-MB and troponin I (Fig-
ure 4B). There was no case in which a change in CK-MB
was not accompanied by an increase in troponin I. Taken
together, these findings support the observation that the

increases in plasma CK-MB observed in our studies are
indicative of cardiac injury. No changes in serum chem-
istry parameters or microscopic evidence of cardiac
damage were observed in treated PPAR-�-deficient
mice, demonstrating that the activation of PPAR-� recep-
tors is required to induce cardiomyocyte necrosis in
rodents.

We also examined whether the pharmacological acti-
vation of PPAR-� receptors lead to microscopic damage
in tissues in which FAO is the primary source of cellular
energy. In the heart, which derives 70% of its energy from
FAO, myofiber degeneration occurred mainly in suben-
docardial and subepicardial areas of the left ventricle
where energy demand and oxygen requirement is aug-

Figure 3. Cardiac PFK (A), hydroxy butyrate dehydrogenase (B), glycogen phosphorylase activities (C), and glucose (D) levels in wild-type mice orally dosed
with 100 mg/kg/day of a synthetic PPAR-� ligand for 12 consecutive days. PFK, hydroxy butyrate dehydrogenase, glycogen phosphorylase activities, and glucose
concentrations were determined using an Advia 1650 chemistry system as described under Materials and Methods. Data are expressed as mean � SD from 10 to
13 mice per group. Asterisks show statistical significance. *P � 0.001.

Table 1. Serum Chemistry and Incidence of Cardiomyocyte Degeneration in Wild-Type and PPAR-� Knockout Mice Orally Dosed
with 150 mg/kg/Day of a PPAR-� Agonist for 12 Consecutive Days

Mice Treatment Necrosis (incidence/group) CK (U/L) CK-MB (U/L)

Wild type (n � 8) Vehicle 0/8 112 � 40 0
Wild type (n � 8) Agonist 7/8 4250 � 5785 127 � 85
PPAR-� KO (n � 8) Vehicle 0/4 70 � 9 0
PPAR-� KO (n � 8) Agonist 0/4 63 � 7 0

At the end of the dosing period, the animals were euthanized and necropsied. Values for total plasma CK and its cardiac CK-MB isoenzyme were
measured and expressed as mean � SD. Histopathology was conducted in all animals as described in Materials and Methods.
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mented during systolic contraction and blood perfusion
and oxygen supply is the lowest.26 In the right ventricle,
degeneration was transmural, consistent with a similar
energy requirement and blood flow from the subepicar-
dial toward the subendocardial areas.26 The pharmaco-
logical activation of PPAR-� receptors in skeletal muscles
also demonstrates an association between FAO and mi-
croscopic damage in this tissue. Because skeletal mus-
cle is composed of type I and type II fibers, and type I
fibers are known to depend on oxidative metabolism and
FAO as a source of energy,27 we used immunohisto-
chemistry to determine whether the activation of PPAR-�
receptors results in aerobic, glucose-dependent type II
myofiber degeneration and/or involves type I fibers with a
high dependency on oxidative metabolism. As shown in
Figure 5, H&E staining and immunohistochemistry in skel-
etal muscle indicates that myofiber degeneration was
mainly observed in type I fibers (abundant in soleus
muscle), which, like cardiac myofibers, rely on fatty acid
metabolism as energy source.

PPAR-�-Mediated Cardiomyocyte Necrosis
Correlates with Increases in Peroxisomal
�-Oxidation

To test the hypothesis that PPAR-�-mediated cardiomy-
ocyte necrosis correlates with increases in peroxisomal
�-oxidation in the heart, mice were orally dosed with
either vehicle or various doses of a synthetic PPAR-�
agonist once daily for 12 consecutive days. At the end of
the dosing period, histopathology, serum chemistry, and
AOX mRNA levels were evaluated. Cardiomyocyte necro-
sis occurred at doses �10 mg/kg and correlated with
elevations in serum enzymes indicating heart injury (Ta-
ble 2). Although AOX mRNA levels in the liver were in-
creased at lower doses, cardiac AOX mRNA was only
increased at the same doses at which cardiac damage

was observed (Table 2), showing that the elevations in
cardiac AOX mRNA levels correlate with the appearance
of microscopic injury and serum biomarkers for cardiac
injury. An additional experiment was performed to exam-
ine the temporal relationship between cardiac AOX
mRNA levels and the appearance of plasma biomarkers
of cardiac injury. As shown in Table 3, cardiac AOX
mRNA levels increased significantly (P � 0.01) 5 days
after the activation of PPAR-� receptors whereas
changes in plasma levels of CK-MB were noticeable only
at day 8. This indicates that the increase in myocardial
�-oxidation precedes cardiomyocyte degeneration and
suggests that a sustained increase in peroxisomal �-ox-
idation is necessary to induce cardiac damage.

Increased Myocardial Oxidative Stress in Mice
Treated with PPAR-� Agonists

Key enzymes of the fatty acid �-oxidation pathways in
peroxisomes and mitochondria as well as the �-hydroxy-
lation pathway in the endoplasmic reticulum are tran-
scriptionally regulated by PPAR-� agonists.28–30 Our
studies using a synthetic ligand for PPAR-� shows sig-
nificant increases in cardiac mRNA levels of UCP3 and
AOX, enzymes involved in the transfer and utilization of
fatty acids, in response to PPAR-� agonism (Figure 2).
Because many of these oxidases are important intracel-
lular sources of reactive oxygen species, we determined
whether sustained PPAR-�-mediated increases in FAO
leads to oxidative stress injury in cardiac muscles. Pa-
rameters of tissue viability, tissue redox status, serum
chemistry, and histopathology were evaluated in mice
orally dosed with a PPAR-� agonist for 12 consecutive
days. The doses of 1 mg/kg and 100 mg/kg were chosen
to induce either no or severe cardiac injury, respectively.
Histopathological evidence of cardiomyocyte necrosis in
the heart was observed in mice orally dosed with 100

Figure 4. Serum CK-MB and troponin I (A) levels in wild-type mice orally dosed for 12 consecutive days with a synthetic PPAR-� agonist at doses ranging from
1.25 mg/kg/day to 20 mg/kg/day. Relationship between increases in plasma levels of CK-MB and troponin I (B). CK-MB and troponin I levels were determined
as described under Materials and Methods.
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mg/kg and correlated with elevations in serum CK (443 �
215 U/L versus 35 � 7.0 U/L, P � 0.0001, n � 5 mice/
group, for treated and control animals, respectively) and
CK-MB (80 � 31 U/L versus 0 � 0 U/L, n � 5 mice/group,
for treated and control, respectively).

Changes in cardiac muscle metabolic homeostasis
were observed at all doses. Increased cardiac glutamate
dehydrogenase (30% at 1 mg/kg and 42% at 100 mg/kg)
and alkaline phosphatase (78% at 1 mg/kg and 210% at
100 mg/kg) were indicative of changes in mitochondria31

Figure 5. Serial frozen sections of gastrocnemius and soleus. Sections were stained with H&E (a, b), MHCs antibodies (c, d), and MHCf antibodies (e, f). Arrows
point toward the same myofiber in each figure. PPAR-�-mediated myofiber degeneration/necrosis is primarily found in the soleus (a), a muscle rich in type 1
(slow) myofibers (c). e: The adjacent gastrocnemius is not affected and is mainly composed of type 2 (fast) myofibers. b: Acutely injured myofibers are pale
eosinophilic and infiltrated by a variable number of neutrophils and mononuclear cells (arrow). These myofibers are stained with the MHCs antibody (d, arrow)
but not the MHCf antibody (f, arrow). Scale bars � 200 �m (a, c, e); 50 �m (b, d, f).
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and vascular endothelia,32 respectively. Lactate concen-
tration was decreased by 39 and 49%, respectively, in
cardiac tissue and serum from mice dosed at 100 mg/kg
(Figure 6). These findings together with the decrease in
PFK and glycogen phosphorylase activities, and in-
creased glucose levels in heart homogenates prepared
from mice treated with the PPAR-� agonist (Figure 3)
strongly suggest a shift from anaerobic to aerobic me-
tabolism, consistent with a compound-related increase in
FAO. Evidence for treatment-related increased oxidative
stress in mice dosed at 100 mg/kg was demonstrated by
the elevations in glutathione reductase (77%, n � 10, P �
0.01), GSH (13%, n � 10, P � 0.05), and glucose-6-
phosphate dehydrogenase (56%, n � 10, P � 0.01)
(Figure 7). No changes in oxidative stress biomarkers
and serum levels of CK-MB were observed in mice re-
ceiving 1 mg/kg. Taken together, these studies strongly
suggest that the ligand-dependent activation of PPAR-�
receptors leads to sustained increase in peroxisomal
�-oxidation and subsequent accumulation of oxidative
stress intermediates resulting in cardiomyocyte necrosis
in the heart and myofiber degeneration in skeletal mus-
cle. In addition to the activation of peroxisomal �-oxida-
tion, increases in cardiac mitochondrial FAO as a result of
PPAR-� activation would also lead to the formation of
intracellular reactive oxygen species. We did not mea-
sure mitochondrial FAO directly, but the activities of two
mitochondrial enzymes involved in the uptake and deg-
radation of fatty acids: carnitine palmitoyl transferase-I
[102,571 � 17,515 U/L (n � 12) and 105,828 � 17,108
U/L (n � 13) for agonist- and vehicle-treated groups,
respectively] and �-hydroxyacyl CoA dehydrogenase
[665,824 � 232,918 U/L (n � 11) and 447,089 � 141,099
U/L (n � 13) for agonist- and vehicle-treated groups,
respectively] did not differ. Increased �-hydroxyacyl CoA
dehydrogenase activity in response to PPAR-� activation
was observed in liver homogenates (data not shown).

Discussion

The present study demonstrated that cardiomyocyte ne-
crosis observed in mice after treatment with a potent
PPAR-� agonist is a direct consequence of activation of
PPAR-� receptors because no cardiac damage was ob-
served in PPAR-�-deficient mice orally administered with
a PPAR-� agonist. These findings suggest that the dra-
matic decrease in FAO and increase in glucose oxidation
observed in PPAR-�-deficient mice33 is sufficient to pre-
vent the development of PPAR-�-mediated cardiomyo-
cyte degeneration and necrosis. These studies also sup-
port a mechanistic link between cardiac PPAR-�
signaling, peroxisomal �-oxidation, and perturbations in
cardiac energy metabolism resulting in the generation of
reactive oxygen species and myofiber degeneration.
Several potent and selective PPAR-� agonists were
tested, and they all cause cardiomyocyte degeneration in
rodents suggesting that these findings are not specific to
a particular agent but rather a class effect.

In contrast to the well-defined effects of PPAR-� on
lipoprotein metabolism, the role of this nuclear receptor
on cardiac metabolism in normal and pathological states
is less clear. PPAR-� regulates a broad array of genes
involved in cellular fatty acid uptake and oxidation in
tissues that use fatty acids for ATP production. Changes
in PPAR-� receptor levels or activation by either endoge-
nous or exogenous ligands determine the tissue-specific
substrate preferences observed under various develop-
mental, physiological, and pathological conditions.34

PPAR-� levels are decreased in rodent models of ven-
tricular pressure overload and in failing human heart35–38

leading to an increased utilization of glucose and lactate.
In contrast, the utilization of glucose is impaired in the
diabetic heart39 resulting in an almost exclusive use of
FAO as energy source to the myocardium. Studies in
transgenic mice with cardiac overexpression of PPAR-�

Table 2. Plasma CK and AOX mRNA Levels in Liver and Heart of Mice after Oral Administration of a PPAR-� Agonist

Treatment
(mg/kg/day)

Total CK
(U/L)

CK-MB
(U/L)

Liver AOX
(RLU)

Heart AOX
(RLU)

Histological incidence
of necrosis

0 77 � 14 0 � 0 578 � 44 18 � 1.3 0/5
0.05 70 � 7 0 � 0 1075 � 196 17 � 1.3 0/4
0.1 106 � 94 0 � 0 1447 � 237 17 � 1.9 0/5
1 121 � 20* 0 � 0 1876 � 79 17 � 2.1 0/4
10 505 � 143* 19 � 10* 2207 � 267* 34 � 4.7* 3/5
100 1027 � 317* 129 � 24* 1907 � 81* 29 � 1.6* 5/5

Mice were orally dosed with vehicle or selective PPAR-� agonist for 12 consecutive days at doses escalating from 0.05 to 100 mg/kg/day. At the
end of the dosing period, animals were euthanized and necropsied. Liver and cardiac AOX mRNA, plasma CK, and the heart CK-MB levels were
determined as described in Materials and Methods. Significant elevations are indicated with an asterisk (P � 0.01); n � 4 to 5 mice/group/dose.

Table 3. Cardiac AOX mRNA and Plasma CK-MB Levels in Mice Orally Dosed with a PPAR-� Agonist at 10 mg/kg/Day for 12
Consecutive Days

Days 0 3 5 8 12

AOX 21 � 4 19 � 2 34 � 5* 37 � 4* 43 � 2*
CK-MB 0 � 0 0 � 0 0 � 0 22 � 8* 49 � 25*
CK 109 � 20 90 � 14 183 � 57* 291 � 71* 804 � 285*

AOX mRNA and plasma CK-MB isoenzyme levels were determined as described in Materials and Methods. AOX mRNA is expressed as RLU,
whereas CK-MB levels are expressed as U/L. Data are expressed as mean � SD (n � 5 mice/group).

*P � 0.05.
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receptors40 demonstrated that PPAR-� receptors control
FAO and glucose utilization, resulting in a diabetic-like
cardiomyopathy. These studies, however, were con-
ducted using mice with cardiac-restricted overexpres-
sion of the human PPAR-� transgene at �80-fold the
levels found in control littermates raising the question as
to whether cardiac metabolism and function are also
impaired when cardiac PPAR-� receptor levels remain
unchanged and its activity is induced by sustained treat-
ment with a PPAR-� agonist. Our studies demonstrate
that chronic activation of cardiac PPAR-� receptors in

Figure 6. Glutamate dehydrogenase, alkaline phosphatase, and alanine ami-
notransferase activities and lactate concentrations in heart homogenates.
Mice were orally administered either vehicle or a synthetic PPAR-� agonist at
1 or 100 mg/kg/day for 12 consecutive days. At the end of the study, animals
were euthanized, and hearts were collected and homogenized for further
analysis. Glutamate dehydrogenase (A), alkaline phosphatase (B), and ala-
nine aminotransferase (C) activities and lactate (D) concentrations were
determined using an Advia 1650 chemistry system as described under Mate-
rials and Methods. Data are expressed as mean � SD from 10 mice per group.
Asterisks show statistical significance. *P � 0.05.

Figure 7. Cardiac glucose-6-phosphate dehydrogenase and glutathione re-
ductase activities and GSH concentrations in either vehicle- or compound-
treated mice. Glucose-6-phosphate dehydrogenase (A) and glutathione re-
ductase (B) activities and GSH (C) concentrations were determined in heart
homogenates from mice as described under Materials and Methods. Data are
expressed as mean � SD (n � 10/group); *P � 0.05.
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mice leads to the development of cardiomyocyte necro-
sis in the heart and myofiber degeneration in type I skel-
etal muscle fibers. Necrosis/degeneration was therefore
observed in tissues that mainly depend on oxidative me-
tabolism and FAO as a source of energy suggesting an
increased utilization of fatty acids. Consistent with this
hypothesis, PDK4 and AOX; two genes involved in sub-
strate switching and peroxisomal �-oxidation were signif-
icantly increased in the hearts of mice treated with the
PPAR-� agonist. Tissue levels of triglycerides and fatty
acids were decreased by treatment with a PPAR-� ago-
nist (data not shown). In addition, the increase in the
tissue level concentration of glucose and PFK; a key
enzyme involved in glycolysis; further support the sub-
strate switching and a shift from anaerobic to aerobic
metabolism.

An increase in peroxisomal �-oxidation in the heart
correlates with the appearance of compound-related mi-
croscopic injury and elevations in serum biomarkers for
cardiac injury. Therefore, cardiomyocyte necrosis is hy-
pothesized to be a consequence of sustained increases
in peroxisomal FAO and the accompanying oxidative
stress damage. This hypothesis is based on early obser-
vations41 and our own findings that sustained exposure
to PPAR-� agonists leads to a persistent increase in
oxidative stress. This hypothesis is also supported by
studies in PPAR-�-deficient mice,29 cardiac-specific
overexpression of PPAR-�,16 and the control of cardiac
malonyl CoA decarboxylase by synthetic PPAR-� ago-
nists.42 Increases in hydrogen peroxide and reactive ox-
ygen species were detected in mice overexpressing
PPAR-� in the heart and were exacerbated when the
animals were fed a diet enriched in triglyceride contain-
ing long-chain fatty acids16 consistent with a prominent
role of peroxisomal �-oxidation in this process. Our stud-
ies also provided additional evidence for cellular oxida-
tive stress as documented by the up-regulation of the
glutathione system and enzymes that detoxify reactive
oxygen species. In addition to the activation in peroxiso-
mal �-oxidation, increases in mitochondrial FAO as a
result of PPAR-� activation could be an important source
of intracellular reactive oxygen species and may be in-
volved in the pathogenesis of PPAR-�-mediated cardio-
myopathy observed in rodents. No evidence of increased
cardiac mitochondrial FAO was observed in mice treated
with the PPAR-� agonist when compared with vehicle-
treated animals as demonstrated by the activity of two
key enzymes involved in the transport and degradation of
fatty acids in mitochondria. These findings are intriguing
given the role that PPAR-� receptors play in the transcrip-
tional control of genes involved in mitochondrial
FAO.14,15 Nevertheless, the regulation of enzyme protein
levels and activity and fatty acid flux through the mito-
chondrial pathway in response to PPAR-� activation is
less known. Interestingly, only a twofold increase in car-
nitine palmitoyl transferase-1 activity was observed in
transgenic mice expressing high levels of PPAR-� in the
heart (�80-fold the levels found in control littermates)
dosed with WY-14,643, a selective and synthetic PPAR-�
agonist.16 Similarly, the oxidation of palmitate in hearts
isolated from the same transgenic mice was only �50%

higher than in wild-type mice43 suggesting that high lev-
els of PPAR-� expression are required to induce cardiac
mitochondrial �-oxidation with synthetic ligands. Addi-
tional studies, however, will need to be performed to
clearly delineate whether the flux of fatty acids through
the mitochondrial pathway is affected in the hearts of
wild-type mice treated with potent and synthetic PPAR-�
selective agents.

The relevance of these findings to nonrodent species
and to humans in particular remains unknown. Studies in
the literature44,45 indicate that higher levels of lipid peroxi-
dation can be induced in the rodent myocardium compared
with humans, making the rodent a more sensitive species to
oxidative stress injury. Mitochondrial and cellular mem-
branes of rodent cardiomyocytes are composed of greater
proportions of polyunsaturated phospholipids than the car-
diomyocytes of primates and humans, and the levels of
unsaturation correlate with proportionately greater free rad-
ical damage and lipid peroxidation of macromolecules and
DNA leading to cell death. In addition, species differences
in response to PPAR-� agonists are also noted. For exam-
ple, there is a marked species difference in the hepatic
response to PPAR-� agonism that has been described in
the literature.46–48 Rats and mice are extremely sensitive,
hamsters and dogs exhibit an intermediate response, and
guinea pigs, monkeys, and humans are relatively nonre-
sponsive at dose levels that produce a marked hepatic
response in rodents. It is possible therefore that, based on
the lack of adverse cardiac effects in humans chronically
treated with fibrates, there is a difference in response to
PPAR-� agonists across species similar to the continuum
observed for liver peroxisomal proliferation and hepatocar-
cinogenesis. Additional studies will need to be conducted in
various species to further explore the significance of these
findings to nonrodent species and in particular to humans.
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